Relativistic electron-positron pair plasmas are ubiquitous in high-energy astrophysical environments, such as Gamma Ray Bursts (GRBs), Active Galactic Nuclei and Pulsar Wind Nebulae. These systems share the common observational feature of broad nonthermal spectrum radiation, which is usually assumed to be produced by energetic particles accelerated at relativistic shocks [1] or during magnetic reconnection [2] .
For example, in the fireball model of GRBs, a massive black hole or neutron star produces a relativistic fireball in the form of an electron-positron plasma and radiation.
The gamma-rays are produced by synchrotron or inverse Compton from high-energy, Fermi-accelerated electrons in optically thin relativistic shocks within this fireball [3] .
Plasma processes mediate the interaction of relativistic, weakly magnetized pair shells in GRBs. In particular, the Weibel, or current filamentation, instability [4] is believed to play a dominant role in the initial generation of near-equipartition magnetic fields and formation of shocks [5] . The growth rate of the instability for two counter-streaming symmetric pair flows is given by Γ = 2 ! ! ! ! , where ! = 4 ! ! /( ! ! ) is the relativistic plasma frequency, v 0 and ! are the flow velocity and Lorentz factor, c is the speed of light, n 0 is the plasma density, m e is the electron mass, and e is the elementary charge. Studies using fully-kinetic Particle-In-Cell (PIC) simulations have shown that this instability can generate small-scale magnetic fields that deflect the incoming flows [6] , thereby mediating the formation of a collisionless shock [7] , the Fermi acceleration of particles [8] , and the emission of synchrotron radiation [9] . These processes are critical to understand the radiation emission in GRBs and could be directly probed in the laboratory by colliding two counter-streaming electron-positron flows.
The possibility of probing the physics of relativistic shocks in the laboratory has motivated the pursuit of the generation of high-flux relativistic pair jets. The use of highpower lasers to produce jets of megaelectron-volt (MeV) electron-positron plasma has been demonstrated experimentally in recent years using solid, high-Z targets [10] [11] [12] .
The generation of relativistic electron-positron pairs occurs through the Bethe-Heitler (B-H) process [13] and involves three steps: (i) the laser energy is transferred to relativistic electrons in the preformed plasma at the front of the solid target; (ii) these electrons convert part of their energy to MeV bremsstrahlung photons as they go through the target; (iii) the bremsstrahlung photons produce pairs in the field of the high-Z target nuclei. Positrons are then further accelerated by the sheath electric field at the rear side of the target [14] , leading to the emission of a relativistic electron-positron jet. The characteristics of these jets make them well suited for the study of scaled astrophysical phenomena in laboratory experiments. In particular, (i) the energy of each electronpositron pair can reach from a few to tens of MeV, a range similar to that predicted for GRB fireballs, (ii) the emission is directed with a typical half-angle divergence [15] of 15°-20°, and (iii) the electron-positron jets have relatively high density due to the small plasma volumes (~mm 3 ) arising from the combination of small laser-target interaction size and short pulse duration (1 -10 ps) [10] . However, the maximum yield obtained in previous experiments is still a few orders of magnitude below what would be needed for scaled laboratory astrophysics experiments, as dictated by the spatial scale and growth rate of the instability.
To use such pair plasma jets to study the development of the Weibel instability and the magnetic field dynamics associated with relativistic collisionless shocks, it is necessary to guarantee that the duration of the flows is greater than the typical time for instability growth, ! > 1/Γ, and that the transverse scale of the plasma is larger than the spatial scale of the instability, ! > / ! , where R 0 is the radius of the electron-positron flow. These requirements impose a lower limit on the electron-positron yield
For a 10 ps long, mm-scale flow, the required pair yield is > 10 11 -10 12 .
To evaluate whether laser-produced pair plasma flows can meet the above requirement, we performed experiments at three high-energy laser facilities, Titan [16] , Orion [17] and Omega EP [18] , using laser energies ranging from 100 J to 1.5 kJ and pulse lengths of 1 ps and 10 ps. The lasers (with wavelength of 1.054 μm, 10 6-7 intensity contrast ratio and focused using f/2 or f/3 off-axis-parabola) were incident on 1 mm thick, yield is higher for the 1 ps case, since it corresponds to a higher laser intensity for fixed laser energy and spot size. The uncertainty in the measured positron yield comes from the angular distribution (~20%), spectrometer calibration (~20%), image plate read-out (~15%), and the total error is about 30% for each data point. The highest yield, N = 6x10 11 , achieved on Omega EP using a 1.45 kJ, 10 ps laser pulse, is about 30 times higher than that obtained previously [11] .
In order to understand the scaling obtained experimentally we compared the data with positron yields calculated by Monte-Carlo code GEANT4 [19] , semi-analytical model described by Myatt et al. in [20] , and PIC simulations using the code LSP [21] .
All these models capture pair-production through B-H process, and electron slowing down by both collisions and bremsstrahlung emission.
GEANT4 simulations calculate the positron yield for a given electron distribution in the target. The electron distribution depends on the physics of laser absorption.
Different electron acceleration mechanisms operate at in different regions of the plasma [22] . Near the critical density (defined as the density above which the laser does not propagate) acceleration occurs predominantly through the JxB mechanism, leading to the so-called ponderomotive scaling [23] for T e as a function of laser intensity, I (in Wcm
, where λ is the laser wavelength in µm.
In the under-dense region of the plasma, produced by target ablation from the laser pre-pulse, acceleration occurs due to stochastic processes [24] and T e is given by [25] T e ≈ 1.5 × Iλ 2 /10 18 ( ) (MeV) -hereafter referred to as Pukhov scaling. These two mechanisms represent the limiting cases of the laser-plasma interaction conditions present in our experiments and were used as inputs to GEANT 4 calculations and the semi-analytical model. The latter mechanism is responsible for the generation of the most energetic particles and therefore is expected to play the dominant role in pair production.
Recent simulations for similar laser and plasma conditions confirm that indeed the most energetic particles originate within the underdense plasma region [26] . for the 1 mm thick gold target used in this study; beyond this laser intensity, the increase rate may slow down as electrons become too energetic to effectively create positrons using this target. The intensity is calculated using the measured laser energy, the laser focal area containing 68% of the energy and the laser pulse length for each shot, with uncertainty (30%-50%) from laser energy (~5%-10%), pulse length (~10%-20%), and focal spot size (20%-40%). The calculated yields clearly fit the data better using the
Pukhov T e scaling than the ponderomotive scaling. The fact that the most energetic electrons produce the positrons indicates the important role of electron acceleration from under-dense plasma in these experiments and is consistent with the fact that all three lasers produced appreciable sub-critical density pre-plasma due to their moderate contrast. At laser intensities greater than 10 19 Wcm -2 , the GEANT4 calculations start to deviate from the experimental data. We should note that GEANT4 does not include generation of electromagnetic fields, which can cause electron refluxing in the target [27] .
In order to take into account the role of electron refluxing, we used semianalytical model [20] which includes the same pair-production physics of GEANT4 but includes an additional electron refluxing parameter η that enables a fraction (0<η<1) of the laser-produced electrons to recirculate through the target (see Eqs. (8), (9), and (22) of Ref. [20] ), leading to an increased population participating in the pair production.
These refluxing electrons are not expected to interact with the laser, as has been observed with relatively thin targets [28, 29] , because of the large (mm) target size, divergence of the electron beam [11] and small focal size of the laser.
The semi-analytical model agrees well with the data for high refluxing levels (η = 1) suggesting that electron refluxing plays an important role in positron generation by effectively increasing the interaction of fast electrons in the target. This important effect, seen in thin targets [27] , had not been realized before for mm thick targets at high intensities. Note that as the laser energy at fixed intensity decreases, positron production would move from the analytical model with η=1 to the GEANT4 calculation as less and less electrons reflux through the target.
To confirm the role of electron refluxing in the laser-target interaction, we performed PIC simulations using the LSP code [21] that self-consistently model the laser-plasma interaction, electron transport and pair production. LSP simulations thus provide a direct benchmark to the above-mentioned calculations. The laser-plasma interaction was simulated in 2D for a 8x10 19 Wcm -2 laser-target interaction for a target with a pre-plasma obtained for the actual laser (Titan) contrast using hydrodynamics Bremsstrahlung and B-H pair production were calculated at every time step, and self consistently evolved with the rest of the simulation. The transport simulation is used to investigate the role of electron recirculation, which naturally arises from the highest energy electrons leaving and charging the target, resulting in about 4% of total electrons escaping the target while the rest participate in the recirculation. This confirms the high level of refluxing present under these experimental conditions. To illustrate the role of the electron refluxing on the total yield we have repeated the same simulation turning off the electro-magnetic field solver, which therefore removes the electrostatic sheath field causing the electron refluxing. The results for these two cases are compared to the experimental data in Fig. 2 and support the refluxing hypothesis.
Having identified the dominant physics associated with the scaling of positron yield with laser and plasma parameters, we now turn to its implication for using laserproduced pair plasma flow to study the shock physics relevant to GRBs. The favorable scaling of the positron yield with laser energy obtained in our experiments suggests that, at a laser intensity and pulse duration comparable to what is currently available at Omega EP, near-future 10 kJ class lasers would provide 100 times higher positron yield (up to N e+ ~ 10 14 ) than the present record (N e+ ~ 10 12 ). Lasers with such energies are being built, for example, the ARC laser on NIF [30] and the LFEX laser on GEKKO [31] .
Laboratory experiments at such laser facilities can be used to study the generation of internal shocks and their role in magnetic field amplification, particle acceleration, and radiation emission. The microphysics of this collisionless interaction can be directly scaled between laboratory conditions and astrophysical scenarios [32] . Strong magnetic fields grow from the thermal fluctuation level due to the Weibel instability and scatter the particles of the incoming particles flows leading to shock formation. The shock formation time for relativistic pair plasmas [33, 34] can be estimated as
. Based on the scaling of the number of pairs with laser energy obtained experimentally, and confirmed theoretically, for 10 ps lasers, we can estimate that the laser energy required to study the formation of a shock is
This shows that 10 kJ class lasers, soon in operation, can be used to study the physics of (Fig. 3b ), in agreement with Eq. (2) . In this case the flows are compressed by a factor of 3, in agreement with the hydrodynamic jump conditions in 2D [36] . The magnetic field associated with the shock reaches amplitudes of mega-gauss and the filaments size is ~0.5 mm, allowing for probing its structure with proton radiography [37] .
In summary, we have shown that the positron yield from laser-solid interactions scales with the square of the laser energy, reaching unprecedented high yields. This favorable scaling is due to a combination of increased laser intensity and the recirculation of MeV electrons in the mm-thick target. Our results show that laser-produced pair jets offer ideal experimental conditions to study for the first time the formation of relativistic pair shocks in the laboratory and probe the physics of particle acceleration relevant to high-energy astrophysical environments. 
